External post-tensioning can be considered an effective strengthening method for bridge members, which are deteriorating due to extreme loading conditions and progressive structural aging. The effects of existing shear cracks in bent caps strengthened by external post-tensioning were experimentally investigated using model specimens. Initial investigation revealed that the shear capacity of a bent cap is not enhanced by external posttensioning only, when shear cracks exist. Moreover, it was found that the repair of existing cracks using epoxy injection substantially increases the shear capacity of the bent cap. The Tenthill Creek Bridge in South East
Initial Test Results and Discussion
In the control specimen, RCS1, initially small flexural cracks appeared on the tension zone near the column face.
However, these cracks did not open further during the test. At about 100 kN load, a shear crack started to develop at the point of loading and moved down at an angle approximately 45 0 towards the bent cap-pier joint (Fig.3) . It was fully developed at 120 kN load. Maximum crack width observed was 2 mm at the ultimate load of 149 kN but decreased to 1 mm when the specimen was unloaded. Similar behavior was observed for other two specimens in the preloading stage. After the application of 150 kN external prestressing to the specimen RCS2, the crack width was reduced to 0.5 mm. The same crack was re-opened during the reloading of this specimen.
The specimen accepted a load of 180 kN before failure. The strength increase is about 20% higher compared with that of the un-strengthened beam.
The behavior of the third specimen RCS3 was expected to be similar, with much higher strength increase due to the increase in initial prestress to 296 kN, which is almost double the amount of that used in RCS2. However, the response observed for the specimen RCS3 was very different to that of RCS2. The specimen RCS3 was initially loaded until 135 kN, where an approximately 2 mm wide shear crack was created. Even though it was strengthened with 296 kN external post-tensioning, the crack width closed up to approximately 1 mm, still quite a large crack for the amount of prestress applied. The maximum load that could be applied after post-tensioning was only 105 kN load, which is lower than the maximum load achieved during the pre-loading stage. The same crack expanded and opened up to approximately 2.5 mm width during the re-loading stage. This means that, a significant reduction (-15%) in the member capacity resulted even after strengthening by external posttensioning. What was also observed was the considerable deflection at the loading point of the cracked section due to the applied load. Noting that the width of the shear crack was still large (1 mm) after prestressing, the additional prestress force was in fact counterproductive, creating larger cracks when loaded again.
This experiment demonstrates the phenomena of the contribution of aggregate interlocking in the shear capacity of a RC member strengthened by external post tensioning. The aggregate interlocking depends on many parameters including aggregate size, concrete strength, crack inclination and crack width. As the crack width increases, the aggregate interlocking will decrease, which will lead to a drop in the maximum force that could be transferred across the crack. In the specimens RCS3, the inclination of the crack was flatter and the crack width was larger than RCS2. Therefore, the capacity could not be increased even with higher prestressing force. The application of higher axial force across a flatter, larger inclined crack also caused a negative effect in the shear capacity due to possible slip in the crack plan as discussed by Collins et al (Collins and Mitchell 1991) . Hence, it is important to prevent the slip along the inclined cracks by a suitable repair method, for externally posttensioned strengthening to be effective.
In a further attempt to strengthen this specimen, an epoxy treatment was used to repair the shear cracks as shown in Fig. 4 . Initially, the cracks were sealed by a two part structural epoxy adhesive (Lokset E). After two days, a low viscosity epoxy (Nitofill LV) was injected through injecting points provided along the cracks (see Fig. 4 ). The low viscosity epoxy is capable of repairing cracks as small as 0.2 mm wide at the surface tapering internally down to 0.01 mm wide. The epoxy resin was injected from the lower part of the crack to ensure the crack was properly filled with the resin. The epoxy repair method has been detailed elsewhere (Wood 2004) .
After curing of the epoxy, 295 kN prestressing force was reapplied and the specimen was re-tested to failure. A new shear crack with a slightly flatter angle developed in the specimen above the repaired crack as shown in Fig.   5 . This is an effect of the change in principle stress direction due to the axial force induced by the external posttensioning. The maximum load during the re-testing was 201 kN, which is 49% higher than the maximum load applied during the pre-loading stage.
The load-displacement behavior of all the three specimens is depicted in Fig. 6 and results summarized in Table   1 . From Fig 6, it can be noted that the epoxy injection does not change the stiffness of the specimen, but it significantly increases the capacity. It is also important to note the change in the prestress force after strengthening as shown in Fig. 7 . In specimen RCS2, this force increased from 150 kN to 195 kN, which is 30%
higher than the initial prestress. For specimen RCS3 without repairing of cracks, the increase was only marginal, varying from 296 kN to 307 kN. However, the increase was substantial from 295 kN to 362 kN after repairing the cracks in specimen RCS3, which is denoted as RCS3* in Table 1 , Fig. 6 and Fig. 7 . It could be noted that when the cracks were not repaired, there is no apparent increase in the prestress force up to a deflection of about 2 mm. Only at larger deflections, specimens RCS2 and RCS3 showed some increase in the prestress force. This non-increase in RCS2 and RCS3 can be attributed to the possible slip along the inclined shear cracks. At larger deflections, the prestress force is increasing due to increase in chord distance of the prestressing bars. However, in specimen RCS3* there is gradual increase in the prestress force, which indicates that the epoxy injection has been effective in preventing the possible slippage at the cracked plane.
From the initial experimental investigations, it was found that the existing shear cracks significantly influences the capacity of the concrete members strengthened by external post-tensioning. Moreover, it demonstrates that the proper repair of existing shear cracks using epoxy injection could substantially increase the capacity of the member strengthened by external post-tensioning. These findings were utilized in a subsequent investigation, where bent cap strengthening of the Tenthill Creek Bridge was used as a case study.
CASE STUDY OF STRENGTHENING OF BENT CAP OF TENTHILL CREEK BRIDGE
A few bridges in Australia have been strengthened by external post-tensioning technology and one such example is the strengthening of the bent caps of Tenthill Creek Bridge (Fig. 8a) . Heavy loading on this bridge had caused some substantial shear cracking in the bent caps as shown in Fig. 8b . The crack extends from the edge of the pier to the location of the main girder on top of the bent cap and was approximately 1600 mm long and 0.5 mm wide. After analyzing the condition of the bent caps, the Queensland Department of Main Roads decided to strengthen the bent caps using external post-tensioning.
MODEL TEST OF TENTHILL CREEK BRIDGE BENT CAP Experimental Setup for the Model Test
To verify the applicability of the proposed strengthening system, tests were conducted on ¼ scale model of the 
